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Abstract
The effects of varying freestream core turbu-
lence on the evolution of a circular jet with and
without tonal excitation are examined. Measurements
are made on a 8.8 cm diameter jet at a Math number
of 0.3. The jet is excited by plane waves at a
Strouhal number of 0.5. For the excited and unex-
cited cases the turbulence level is varied by
screens and grids placed upstream of the nozzle
exit. The experimental results are compared with a
theoretical model which incorporates a variable
core turbulence and considers the energy interac-
tions between the mean flow, the turbulence and the
forced component. Both the data and the theory
indicate that increasing the freestream turbulence
diminishes the excitability of the jet and reduces
the effect of excitation on the spreading rate of
the jet.
Introduction
The initial turbulence profile is governed by
two parameters: the boundary layer turbulence and
the core turbulence. Attention is focused here on
the core turbulence, keeping the initial level of
the boundary layer turbulence as constant as
possible.
The development of a single frequency component
in a turbulent round jet was theoretically investi-
gated by Mankbadi &Liu. 5 This theory is modified
here to account for variable core turbulence. On
the experimental side, the effect of initial turbu-
lence was examined by Raman, Zaman and Rice. 7 Vari-
ous levels of turbulence were created at the nozzle
e<it by specially fabricated grids placed upstream
of the jet e<it. Measurements were made of the mean
and fluctuating quantities. Their data are compared
here with the modified theory. The computations not
only provide a theory versus experiment comparison
but also help in obtaining a better physical picture
o = the phenomenon.
Excited jets have been the subject of several
recent investigations. I-3 These investigations are
concerned with the fundamental understanding of the
jet development as well as possible technological
applications such as control of the jet mixing. The
growth of a forced periodic velocity component is
governed by several parameters. Zaman & Hussain 4
considered the effect of excitation on Strouhal
number as well as the excitation level on the devel-
opment of the periodic flow components. The effect
of the initial velocity profile was considered by
Chan and Templin. 5
In order to make flow control techniques tech-
nologically attractive it has to be demonstrated
that this "control" can be exerted in "real life
flow," which unlike the laboratory flows has higher
levels of freestream turbulence. It is also of fun-
damental interest to understand how the initial tur-
bulence controls the growth of stability waves in
excited shear layers. The present work is therefore
concerned with examining the effect of the initial
turbulence on the development of excited jets.
*Work funded under Space Act Agreement
C99066G. On leave frm Cairo University, Cairo,
Egypt.
Experimental Apparatus and Procedure
The jet facility as presented in Ref. 7 con-
sisted of a 76 cm diameter plenum chamber supplied
with pressurized air. The flow passed through three
screens and two stages of contraction before exiting
tnrough the 8.8 cm diameter nozzle. A 20.3 cm but-
terfly valve bypassed by a 3.8 cm Annin plug valve,
both opera:ed remotely, were used to control the
flow. A 41 cm diameter section located between the
t_o contracting sections housed the excitation sys-
tem. This consisted of four acoustic drivers that
were equally spaced around the circumference. Each
driver was enclosed in a sealed can and vented to
equalized pressure across the driver diaphragm.
Figure 1 is a schematic showing the geometry
and location of the turbulence generating grids in
tqe jet facility. The three shown grids represent
the three cases of initial core turbulence consid-
ered. The three cases will be labeled here 0.5,
3, and 5 percent indicating the initial centerline
turbulence as percentage of the exit mean centerline
,velocity. For all the cases the grid blockage was
less than 40 percent. The grids were located 33 cm
uostream of the nozzle exit where the diameter of
the contracting section is 13.1 cm; the nozzle ended
with a shard edge and had a 22 cm long cylindrical
section prior to the exit.
A 0.54 cm (B&K) microphone with nose cone was
used to obtain sound pressure levels and spectra.
Measurements of mean and fluctuating velocity were
made with single and crossed hot-wires together with
constant temperature (DISA and TSI) anemometers.
Cross-wire data are not reported here but can be
found along with further details of the experiment
in Raman, Zaman and Rice. 7
Theoretical Backqround
The theory of Mankbadi & Liu 6 is concerned with
the development of a single mode, single frequency
component of stability waves in a turbulent round
jet. In this theory phase-averaging along with the
conventional time-averaging techniques are applied
to the full incompressible momentum equations to
obtain the governing momentum equations for the mean
flow, the stability component and the turbulence
component. The kinetic energy equations represent-
ing the interactions among the three flow compo-
nents are obtained from the corresponding momentum
equations. These energy equations are integrated
across the jet. Shape assumptions are made regard-
ing the radial profile of each flow component. The
shape of the mean flow is assumed to follow the
two-stage hyperbolic tangent profile of Michalke. 8
The profile of the stability component follows that
obtained by the solution of the local linear stabil-
ity equations. The profile of the turbulent
stresses is taken to be Gaussian with a peak at the
center of the shear layer. The basic contribution
to the theory of the present work is modification
of the turbulence's shape assumption. To account
for the core turbulence, the assumption of the tur-
bulence profile is now changed to be Gaussian within
the shear layer but with a prescribed value of tur-
bulence within the potential core equal to the ini-
tial core turbulence.
With these shape assumptions the integrated
energy equations take the following form:
Mean flow:
1 dll de
dT_-_ -= -IRS(O)E - _RS(O,St,n)JAJ 2 (I)
Fundamental:
d_dx[12(O'St'n)IAl2] = TRS(e'St,n)IAI 2
- Iwt(O,St,n)lAl2E (2)
Turbulence:
°[ ]d_ 13(e)E = IRS(e)E + Iwt (e,St,n)IAl2E - I (e)E 3/2
C
(3)
The initial conditions are: e(0) = e o,
E(O) = Eo, IA(O)J 2 : lAoJ2, where n is the azi-
muthal wave number which is zero in the present
analysis since we only consider axisymmetric waves,
With these measured quantities of initial conditions
as input, the equations are solved to obtain IAI 2,
E and 0 along the jet.
In the above system of equations, 0 is the
momentum thickness of the jet, E is the turbulence
energy integrated across a slice of the jet and A
is the energy of the fundamental component inte-
grated across a s11ce of the jet. The integrals
appearing in the above system of equations are
dependent on the shape assumptions and are defined
in Mankbadi & Liu (1981). I 1 is the mean flow
energy advection integral. Equation (I) is actually
an equation for the streamwise development of e(x)
with dll/dO < O. Thus, O(x) will grow as long as
energy is extracted from the mean flow by the fluc-
tuations. IRS is the production integral of the
turbulence. _RS is the production integral of the
fundamental. 12 is the energy advection integral
of the fundamental component and INt is the
fundamental-turbulence energy exchange integral.
For the range of parameters considered here, INt
is positive indicating a transfer of energy from
the fundamental to the turbulence. 13 is the tur-
bulence energy advection integral and I c is its
viscous dissipation Integral. These integrals have
the same definitions as given in Mankbadi _ Liu. 6
12 , 13 , and I c depend on the shape assumption of
the turbulence. Their definitions are still as in
Ref. 6 but their fitted functions are now modified
to be dependent on the initial core turbulence as
well as the momentum thickness. The solution of
the above system of equations is thus not only a
function of the initlal conditions but also of the
initial core turbulence which alters the above men-
tioned integrals.
Results
In the following we will present the effect of
initial core turbulence on the development of the
jet. Three cases of initial core turbulence are
considered: 0.5, 3, and 5 percent. The other con-
ditions at the nozzle exit are kept as constant as
possible. In the results presented here for the
excited jet the excitation Strouhal number is 0.5
and the initial axial velocity component of the fun-
damental component of the excitation at the center-
line is 0.4 percent of the jet exit velocity.
The measured longitudinal mean velocity, U,
and the turbulence intensity, u', profiles at the
jet exit are shown in Fig. 2. The data have been
normalized by the jet exit velocity at the center-
line. The turbulence measured in the boundary layer
at positive r is higher because the probe and its
support mechanism entered the flow to reach this
side; the flow impingement resulted in small probe
vibrations which were sufficient to contaminate the
data in the thin boundary layer. All subsequent
measurements are on the axis or in the boundary
layer with negative r where only the probe and
the stem entered the flow and the vibrations are
negligible. The initial turbulence profiles of
Fig. 2 are used to calculate the integrated turbu-
lence energy E(O) which is to be used as one of the
boundary conditions for the analysis.
The variation of the shape factor, the momentum
thickness and the peak fluctuation level in the
shear layer measured at 0.5 mm downstream of the
nozzle lip, are shown in Fig. 3. These data demon-
strate that the nozzle exit boundary layer charact-
eristics are practically the same for the dlfferent
initial turbulence levels. For instance, the momen-
tum thickness varies between O/d : 0.007 to 0,073
when the turbulence varles from 0.59 to 5 percent at
Mach number 0.2, The momentum thickness is taken to
be 0,007 D for the analysis of the excited jet at
the three initial turbulence levels as well as for
the unexcited cases.
The effect of initial turbulence on the devel-
opment of the fundamental component is shown in
Fig. 4. The experimental data shown in Fig. 4(a)
indicate that increasing the initial level of turbu-
lence dampens the amplification of the fundamental
component. The same features are also obtained
theoretically as Fig. 4(b) indicates. In the exper-
imental data the fundamental component is almost
constant up to x/D = 0.5 then begins to amplify.
This is perhaps due to the unsteady pressure field
at the nozzle exit introduced by the excitation
mechanism. This pressure field suppresses the
amplification of the fundamental. Such a mechanism
is not present in the theory and therefore the com-
puted results indicate that the fundamental begins
to grow immediately after it leaves the nozzle.
This is one of the factors that may account for the
higher computed amplifications of the fundamental as
compared to the observed ones.
In the present theoretical analysis only one
instability component is assumed to exist. However,
examining the measured spectra shown in Fig. 5 indi-
cates :he generation of a subharmonic of the funda-
mental. By x/D = 4, this subharmonic is almost of
the same order as the fundamental. The generation
of a subharmonic reduces the amplification of the
fundamental as discussed in Mankbadi. 9 Since the
generation of a subharmonic is not accounted for in
the present analysis, the calculated amplification
of the fundamental is higher than the measured one.
However, the present theory clearly indicates that
the amplification rate of the fundamental is reduced
by increasing the initial level of core turbulence
as the measurements indicate.
The damping effect of the turbulence on the
growth of the fundamental can be explained from the
present theory as follows. The growth of the funda-
mental as given by Eq. (2) is governed by the bal-
ance between the production of the fundamental by
the mean flow and the energy of the fundamental
drained by the turbulence. Increasing the turbu-
lence level controls the growth of the fundamental
through two mechanisms. First, a higher turbulence
level means higher energy drain from the mean flow
(the first term in Eq. (1) is proportional to E).
Consequently, less mean flow energy is available
for the growth of the fundamental. In the second
mechanism, which is the dominant one, the energy
absorbed from the fundamental by the turbulence is
proportional to E (the second term in Eq. (2)).
Therefore higher turbulence levels lead to higher
energy drains from the fundamental. The two mechan-
isms combined cause the initial turbulence to sup-
press the growth of the fundamental instability
component.
The total fluctuating velocity along the cen-
terline of the jet is shown in Fig. 6 for the exper-
iment and the corresponding computations are shown
in Fig. 7. In each figure the excited case is com-
pared to the unexcited case. The total fluctuation
is composed of both the fundamental and the turbu-
lent components. In the initial region of the jet,
as a result of the amplification of the forced fun-
damental component, the velocity fluctuations for
the excited case increase considerably as compared
to the unexcited values. The fluctuations peak as
the fundamental reaches its maximum. The magnitude
of the peak is proportional to the magnitude of the
fundamental's peak. Therefore, increasing the ini-
tial turbulence level reduces the peak of the fluc-
tuation velocity in the excited case. As one moves
downstream the fundamental decays and the fluctuat-
ing component is merely the turbulent component. By
x/D = 9 the figures indicate that excitation has
little effect on the downstream turbu]ent velocity.
Also, comparing Fig. 7 to Fig. 6 indicates that the
predicted effect of the initial turbulence on the
total fluctuations along the jet centerline is over-
estimated as compared to the observed one. This is
due to the overestimation of the amplification rates
of the fundamental. However the theory predicts
the same observed trend: increasing the initial
level of turbulence decreases the peak of the total
fluctuations.
The development of the momentum thickness along
the jet is shown in Figs. 8 and 9. Figure 8 is for
0.5 percent initial turbulence while Fig. 9 is for
5 percent initial turbulence. Both theory and
experiment indicate that excitation increases the
momentum thickness of the jet. Comparing Fig. 9 to
Fig. 8 indicates that the enhancement in the momen-
tum thickness is reduced by increasing the initial
level of the turbulence. Higher initial turbu]ence
levels reduce the amplification of the fundamental
and result in a Icwer growth rate of the jet. This
observed behavior of the momentum thickness under
excitation is also predicted by the theory as
Figs. 8(b) and 9(b) indicate. However, further
downstream the measured momentum thickness is higher
than that calculated. As Fig. 5 has indicated,
around x/D = 4 a strong subharmonic of the funda-
mental is generated which results in further energy
drain from the mean flow. This causes the observed
higher va]ues of the momentum thickness.
The mechanism of the jet growth is explained in
Fig. lO. From Eq. (l) the growth rate of the jet is
determined by the mean flow energy drain. This in
turn is composed of two parts: Energy drained by
the fundamental component, IAI2_RS , and energy
drained by the turbulent component, E IRS. These
two components as wel] as their sum are shown in
Fig. ]0. The figure shows that in the initial
region of the jet the energy drain from the mean
flow is enhanced due to the growth of the fundamen-
tal. Further downstream as the fundamenta] decays
the growth rate is mainly due to the energy absorbed
by the turbulence. As one increases the initial
]evel of the turbulence (Fig. lO(b)), the amplifica-
tion of the fundamental is reduced and therefore
]ess energy is drained from the mean flow by the
fundamental. The net result is therefore that
higher initial turbu]ence level reduces the enhance-
ment of the growth rate caused by the excitation.
Conclusions
The effect of initial core turbulence on the
development of an excited jet was considered.
Increasing the initial turbulence was found to
reduce the amplification of the fundamental compo-
nent and hence lowers the spreading rate of the
excited jet. A comparison between the observations
and the modified theory of Mankbadi & Liu 6 was made.
The theory predicts the same qualitative behavior of
the effect of initial turbulence. The theory does
not include the generation of subharmonics which
results in overestimating the amplification of the
fundamental.
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